ABSTRACT This paper continues our investigations published in Paper I. The tidal interaction of stars with a massive black hole after tidal capture is investigated in the framework of the ellipsoidal 'affine' stellar model proposed by Carter & Luminet. We investigate the influence of the orientation of the ellipsoidal stellar model and the influence of the phase and amplitude of the oscillations on the subsequent passages. Finally a parametrization of the probability for a star to lose (or gain) energy during subsequent passages is found for a compressible model.
Tidal interaction of stars with a massive black hole at the centres of active galactic nuclei or quasars could cause strong observable effects. For a review see the papers by Rees (1989 Rees ( , 1990 and references therein. Some aspects of the tidal interaction of stars with each other and black holes were treated by Press & Teukolsky (1977) , Kosovichev & Severny (1985) , Lee & Ostriker (1986) , Giersz (1986) , McMillan, McDermott & Taam (1987) , Ray, Kembhavi & Antia (1987) and McMillan, Taam & McDermott (1990) using a linear method. Threedimensional hydrodynamical simulations were performed by Nolthenius & Katz (1982 , Evans & Kochanek (1989) , Rasio & Shapiro (1991) and others. In the papers by Novikov, Pethick & Polnarev (1992) , Kosovichev & Novikov (1992) and Kochanek (1992) the tidal capture of a star by a massive black hole or a neutron star and subsequent evolution of the star have been discussed. Tidal capture occurs when tidal forces are not large enough to disrupt a star, but are sufficient to reduce 1 INTRODUCTION the energy of the orbital motion and transmute the unbound orbit into an elliptical one. After capture, the star orbits the black hole, passing the pericentre of the evolving orbit many times. If the processes of dissipation of the tidal energy are sufficiently slow, the deformation of the star and the internal motion of stellar matter excited by the tidal forces are present at the time of the next and subsequent passages through the pericentre.
* Permanent address.
The tidal interaction during subsequent encounters depends crucially on the stellar deformation and stellar matter motions. In the papers by Novikov et al. (1992) , Kosovichev & Novikov (1992) and Kochanek (1992) there are some remarks on the results of subsequent close encounters. This paper is the continuation of the paper by Kosovichev & Novikov (1992) , hereafter Paper I. In our investigations, as well as in the papers referred to above, the tidal interaction is modelled using the 'affine stellar model', which was proposed by Carter & Luminet (1983 ) (see also Luminet & Carter 1986 ). Analogous models were used by Nduka (1971) and Sridhar & Tremaine (1992) . We use two different versions of this model. The simplest is the incompressible one, where the matter density is constant, and the more general model is the compressible one. In both cases the stellar model is restricted to an ellipsoidal shape. The analysis of the incompressible model can be useful to isolate some specific effects (see Paper I).
In Sections 2 and 3 we present the models; in Section 4 we demonstrate that the compressible model deviates significantly from the theoretical Riemann sequence when oscillations are present, and the values of some critical parameters are found for different models. In Section 5.1 we investigate the influence of the orientation of the ellipsoidal configuration on the subsequent passages for the incompressible model. An investigation of the importance of the oscillations on the outcome of subsequent passages is performed in Section 5.2, and a parametrization of the probability for a compressible model to lose (or gain) energy during subsequent passages is found in Section 5.3. Finally the results are summarized in Section 6.
FORMULATION OF THE PROBLEM
After tidal capture the star moves on a very eccentric elliptical orbit around the massive black hole. Our task is to investigate its tidal interaction with the black hole in the course of subsequent passages of the pericentre. The important tidal interaction occurs when the star is close to the black hole, and we shall simulate these parts of the orbit in detail. We shall assume that dissipation of the internal motions excited during one encounter is sufficiently slow, so that these motions remain up to the time of the next encounter.
The incompressible stellar model
After tidal capture, in the parts of the orbit far from the black hole, the incompressible stellar model is an oscillating Riemann S-type ellipsoid (see Luminet & Carter 1986 ). Two of its principal axes rotate in the orbital plane. The tidal interaction of the model depends on the pericentric distance from the black hole, the size of the principal axes, the phase of the rotation and the oscillations of the ellipsoidal stellar figure. In Paper I the dependence of the energy, A£, deposited into the stellar model (and subtracted from the orbital motion) on the orientation of the ellipsoidal stellar figure was discussed. In this paper we continue to investigate this dependence.
We have chosen some fixed pericentric distances and some fixed initial values of the principal semi-axes, a*, of the ellipsoid, corresponding to figures of equilibrium (i.e. without oscillations), far from the pericentre and varied the initial ellipsoid orientation. Thus we have excluded oscillations of the principal semi-axes a t in the initial conditions. This was done to isolate the dependence of AE on the orientation of the ellipsoid only. In fact, the calculations demonstrate that the excitation of significant deformations of the star is accompanied by oscillations of the principal semi-axes. We will discuss the influence of the oscillations in Section 5.2.
The compressible stellar model
According to Lai, Rasio & Shapiro (1993) , in the absence of oscillations, the compressible model without vorticity should follow the same Riemann sequence as the incompressible model (Luminet & Carter 1986 ), regardless of the initial polytropic mass distribution. As we will show later, this is still approximately true when oscillations are present. With the compressible stellar model, it is possible to use different initial mass distributions and different equations of state. It is also possible to simulate the incompressible stellar model by using a mass distribution with constant density and making the equation of state very stiff.
With these models, we shall continue to discuss the dependence of AE on the different parameters and finally give the statistics of the outcome of the tidal interaction during the subsequent encounters, taking into account all the factors together.
THE MODELS
For the compressible stellar model we use the equations of motion in Appendix A, with y = 5/3 and a poly tropic mass distribution with index n = 3.
For the incompressible stellar model we calculate the evolution of its parameters with time, using the same method as in Paper I (see Sections 2 and 2.1 of that paper). We also simulate the incompressible model with the same equations of motion as for the compressible model but with y = 200 and n -0.
For our purposes the following parameters of the stellar model are essential.
The principal semi-axes, ¿q, ü2 and of the stellar ellipsoid. The angular momentum, L, of the stellar model in units of y/GMlR* y where M* is the mass of the star and R* is its radius in the spherical equilibrium configuration.
The energy, A£, deposited in the star by the tidal forces in units of GM*/R*.
The angular velocity, Q, of the rotation of the ellipsoid. The angle, T*, between the direction from the centre of the star to the pericentre of the orbit and the orientation of the principal semi-axis a\.
The angle, ©, between the direction from the centre of the star to the black hole and the orientation of the principal semi-axis a\.
We assume that the pericentric distance jR p is much greater than the gravitational radius of the black hole, and the problem may then be treated non-relativistically. We assume also that the part of the orbit in the vicinity of the pericentre may be approximated by a parabola. The changes in energy and angular momentum of the orbital motion of the star are much smaller than their absolute values, and thus the parts of the orbit near the pericentre are practically unchanged as a result of the tidal interaction.
We characterize the pericentric distance R p of the orbit by the dimensionless parameter
( 1) where M h is the mass of the black hole. Time is measured in units of (7rGp*)~1 /2 , where p* = M*/(|7tR*) is the mean stellar density in the spherical equilibrium configuration.
THE RIEMANN SEQUENCE AND THE CRITICAL PARAMETERS FOR THE COMPRESSIBLE MODELS
During the preliminary investigations of the compressible model, we noticed that it did not quite follow the Riemann P. Diener et al. Lai et al. (1993) for the polytropic, compressible model without oscillations. This deviation can be seen in the first plot in Fig. 1 . The values (at) were found by taking the time average of a t from i = 20 to i = 200 and are therefore less accurate for models with large amplitudes and correspondingly large periods. For these computations the approximate incompressible model (with y = 200) was used, and this is the reason for the small deviation from the theoretical Riemann sequence for low values of (^/(¿h). Here the deformations are so large that the volume changes significantly and the approximation breaks down. From Fig. 1 it can also be seen that the deviation from the theoretical sequence is connected with the change in volume during the passage. The turn-off point from the Riemann sequence coincides with the point where the change in volume becomes significant.
The deviation from the Riemann sequence appears to be the same for all the compressible models regardless of mass distribution. Notice the peak for the n -3 compressible model at {a2)/{ai} « 0.22. It was first seen as a single point displaced relative to the other points. Out of curiosity we calculated models with rj close to this point and obtained the curve shown here. Even though it is not plotted here, this peak is also found for the n -2 compressible model. The reason for this peak is a resonance phenomenon illustrated in Fig. 2 . Here the evolution of the principal axes in time is shown for a point on the peak. This kind of resonance behaviour is not seen in corresponding plots for points located away from the peak. This resonance phenomenon will be treated in a separate paper. The critical energy needed to disrupt a stellar model in spherical equilibrium is denoted by A£ cr . The value for different models can be seen in Table 1 . In this table the value of the critical rj parameter rj cv can also be seen for the same models. It is defined so that models with rj < r¡ cr are disrupted while models with r¡ > rj CT are bound after the first passage. The value of rj cv was found by the following simple scheme. We chose a value rji for which disruption occurred and another value t/2 for which the model was bound after the first passage. We then performed the passage for rj = (rji + rj2)/2 and followed the evolution until either the energy became positive or the principal semi-axis began to decrease. In the first case the model was disrupted and in the second case the model was bound. We proceeded by bisection until the interval around rjcr was small enough. The immediate effect of introducing compressibility is to make the star more unstable, as can be seen by comparing the values of r] CT for the two n = 0 models. On the other hand, the n = 0 mass distribution seems highly unlikely for a compressible star, which generally is more centrally condensed. In this case the star has to plunge deeper into the gravitational field of the black hole in order to get a significant amount of energy transferred into the internal motion. Thus rj CT is smaller for these models compared with the incompressible one and it can be seen that the dependence of r¡ CT on n is quite steep. Another difference is that the volume changes in the compressible model, which leads to a small deviation from the Riemann sequence for equilibrium models when oscillations are present. Fig. 3 shows the transfer of angular momentum as a function of rj for the n = 3, y = 5/3 compressible model. Comparing this with fig. 8 in Paper I, it can be seen that the amount of transferred angular momentum is smaller in the compressible model than in the incompressible one, due to the more centrally condensed distribution.
TIDAL INTERACTION AFTER TIDAL CAPTURE
5.1 Tidal interaction of the non-oscillating ellipsoid As we mentioned above, in the framework of the incompressible affine model, a star that was not rotating at infinity becomes an oscillating, rotating ellipsoid after tidal interaction. The ellipsoid averaged over many oscillations is an 'irrotational Riemann E-type ellipsoid' in the classification of Chandrasekhar (1969) .^ In this section we consider the tidal interaction of the Riemann E-type incompressible ellipsoid, without oscillations of in the initial state, with a black hole. We consider the evolution for two values of rç = 3.6 and 6, and for two values of the initial ai = 1.46775 and 2.6648 (and other corresponding parameters of the equilibrium Riemann E-type ellipsoid, see Chandrasekhar (1969) ), and for 127 values of the initial angle 'F uniformly distributed in the interval [0,tü] .
These values of a\ and 'F are taken as the initial data at t = -100. We have calculated the evolution up to the time t = 100 for each set of the initial data. The star is at the pericentre at i = 0. The results of the computation of the final energy £ of a star after the second passage are shown in Figs 4(a)-(d) . Fig. 4(c) is equivalent to fig. 10 (b) in Paper I. We note that the dotted horizontal line showing the binding energy of the star in fig. 10 of that paper was plotted incorrectly. This line should be plotted below 0.6 by an amount corresponding to the distance between the solid and dot-dashed lines in fig.  10 .
Note that the energy transfer, A£, from the orbital motion into the star can be either positive or negative. It is determined by the orientation of the ellipsoid at the time of the passage of the pericentre. In Paper I it was pointed out, that, for the case shown in fig. 10 (the same as Fig. 4 (c) of this paper), if the axis lags behind the direction to the black hole in the orbital motion then AE > 0, and if the axis passes ahead then AE < 0. This result holds for most of the calculations described here, which P. Diener et al indicates that it is true generally. However, we have found some cases in which the axis lags behind the direction to the black hole, but AE is negative. In these cases the major axis, lagging behind the direction to the black hole at the pericentre, can at later times lead the direction to the black hole, while the star is still in the region of strong tidal interaction, and thereby effectively lead to a negative energy transfer.
If the energy transfer is greater than the binding energy of the star, it will be destroyed. For the incompressible model the critical energy is equal to E cr = 0.6. If the final energy, at the end of the computation, is greater than E cr , the star is destroyed and therefore the corresponding points are not plotted in Fig. 4 . In the framework of the incompressible affine model, the destruction means that at least one of the principal axes increases to infinity and the central pressure tends to zero. Note that in this model the volume of the matter does not change and thus the internal pressure does no work. Hence the binding energy is equal to the gravitational energy of the model.
The influence of the oscillations
In this section we investigate the influence of the oscillations of the ellipsoid on the outcome of the tidal encounter with a black hole. As we mentioned above, the excitation of a significant amplitude of a, is accompanied by oscillations. How do these oscillations affect the tidal interaction?
In order to investigate this, we chose, arbitrarily, two n = 3 compressible models. The energies deposited during previous encounters in these models were AE VT /AE CT = 0.193 and AE pr /AE cr = 0.157. Another passage was performed with these models as input for 127 different orientations of the ellipsoid. The passage of the model with lowest energy was performed for rj/r¡ CT = 2.177 while the passage of the model with highest energy was performed for rj/r] CT = 1.656. The starting time of these passages was varied from t = -100 to i = -60 in steps of Ai = 0.5 in order to obtain different phases of the oscillations at the moment of the passage of the pericentre. In Fig. 5 we show as solid lines the number of models that increase their internal energy as a function of the time before the pericentric passage. The dotted lines show the mean of the 127 values of a x at the passage of the pericentre as a function of starting time for the compressible model with AE pr /AE cr = 0.193 and rj/rj ci: = 1.656 (a) and AE pr /AE cr = 0.157 and r¡/ri CT = 2.177 (b). The number of models that increase their internal energy during the passage clearly depends quite strongly on the starting time, and therefore on the phase of the oscillation at the pericentre. The strongest interaction (i.e. the largest number of models with an increase of energy) occurs when the principal axis is maximal, with a slight phase shift.
The same procedure was performed for the incompressible model. We chose two models with AE pr /AE cr = 0.217 and AE pr /AE cr = 0.142 for r¡/ri cr = 1.685 and r¡/rj cr = 2.123. The results can be seen in Fig. 6 . Again there is a correlation between the number of models that increase their energy and the mean size of the principal axis at the pericentre, but the effect is much smaller than for the compressible case.
The variation of the relative number of stellar models that lose energy is correlated with the initial relative amplitude of the oscillations, as can be seen from Fig. 7 . Notice that the compressible model with AE pv /AE CT = 0.193 has an initial relative amplitude of 15.4 per cent, while the model with AE pr /AE CT = 0.157 has an initial relative amplitude of 18.5 per cent, so that a larger A£ pr /AE cr does not necessarily mean a larger initial relative amplitude of the oscillations.
We conclude that the phase of oscillations can have a significant effect on the outcome of the tidal interaction of a star with a black hole. The effect is larger for the compressible model than for the incompressible one. This is due to the fact that the amplitudes of the oscillations are generally larger for the compressible model than for the incompressible one. In order to get accurate statistics of the outcome of subsequent passages, it is necessary to take into account both the orientation and the oscillations of the ellipsoid.
Statistics of energy transfer
In this section we analyse the statistics of the transfer of energy into an n = 3 compressible model during the subsequent passages through the pericentre of the eccentric elliptical orbit after the tidal capture. The goal is to obtain the probability for a star to decrease or increase its internal energy during the next passage, depending on the amount of energy already transferred into its internal motion and the pericentric distance.
In order to do this it was necessary to have a sample of models with different values of A£ pr and rj. This sample was obtained with the following procedure. We started by calculating the first passage for an initially spherical model in equilibrium for a given value of rj. This gave a rotating and oscillating ellipsoidal configuration with a definite energy and angular momentum. We then performed a second passage with i start = _ 100 for 127 different orientations (i.e. 127 different values of the initial angle ^ between the major axis of the model and the direction to the pericentre, uniformly distributed in the interval of [0,7r] ) and got 127 stellar configurations with different energies. Out of these, 12 configurations were selected with energies in the range 0 < A£ pr /A£ cr < 0.6. We then performed the first and second passages for 10 other values of rj and selected models with energies close to the energies chosen for the first r¡. In some cases the energy range obtained after the second passage was not large enough (the maximum energy obtained was less than 0.6), but this was remedied by performing another passage for the model with the largest energy, resulting in a larger range of energies. This was repeated until the energy range was large enough for all values of rj and the sample was complete.
For all the configurations in the sample (with different values of the previously deposited energy AE pr and rj parameter) we then made passages for 21 different values of i st art in the interval i st art £ [-100,-90] and in each case for all 127 angles (352044 passages in all).
The probability of losing energy in each case was calculated and plotted as a function of AE pr /AE cr and rj/ri cv . This plot can be seen in Fig. 8 . Qualitatively, the probability of losing energy decreases and correspondingly the probability of gaining energy increases with increasing deformation of the star and increasing strength of the tidal interaction, i.e. with increasing AE pr /AE cr and decreasing r¡/ri CT . This is clearly seen in Fig. 8 for A£ pr /A£ cr > 0.1. Furthermore, it is quite natural that P(AE < 0) tends to zero when AE pr /AE CT is small, since it becomes difficult to lose energy when the configuration is close to spherical equilibrium.
In order to parametrize these results, we have fitted a parabolic surface of the form P(AE < 0) = ai + a x x + a y y + a X yXy + a xx x 2 + <%y 2 ,
where x = AE pT /AE CT and y = r¡/rj CT , to the part of the plot with 0.1 < AEpr/AEcr < 0.6 (excluding the region where the probability tends to zero for A£ pr small) and 12 < rj/rj CT < 2.4, with the following results: 
CONCLUSIONS
The main results of our discussion are the following.
We have confirmed that the average incompressible model, when oscillations are present, follows the theoretical Riemann sequence for equilibrium configurations (Paper I). This is not quite true for the compressible model, but it seems that all compressible models with y = 5/3 have the same deviation from the theoretical Riemann sequence regardless of mass distribution.
A resonance phenomenon has been found to occur for y/tlcr & 106 during the first passage for the compressible model. This will be treated in a separate paper.
We have computed ^c r for a number of different models and find that it increases rather steeply with decreasing polytropic index n for the mass distribution. The results can be seen in Table 1 .
We have shown that the outcome of the tidal interaction during subsequent passages depends not only on the orientation of the ellipsoid, but also on the phase and amplitude of the oscillations of the stellar configuration. Since the phase of the oscillations and the orientation of the ellipsoid are impossible to calculate with sufficient accuracy at the time of the next passage, a statistical approach is required. This was performed for the n = 3 and y = 5/3 compressible model taking all the factors into account, with the result given by the parametrization in equations (2) and (3). This parametrization is valid in the parameter ranges 0.1 < AE VV /AE CV < 0.6 and 1.2 < y/rjcx: < 2.4, and the quoted errors are 95.4 per cent confidence intervals, estimated by a bootstrap Monte Carlo analysis. This parametrization may be useful for modelling stellar dynamics in an AGN environment. Here Ö is the three by three unit matrix. The value of depends on the mass distribution and must be found by numerical integration. For selected polytropic mass distributions, the result is given in Table Al .
Al The internal Lagrangian
The internal Lagrangian is given by Lj = Ti -(7 -Q,
where Ti is the internal kinetic energy, U is the gas energy and Q is the self-gravitational energy.
The internal kinetic energy is given by the trace of the kinetic energy tensor where e is the energy density and p is the mass density, which means that dU 7'(; dM.
From the general relation d{e/p) = (P/p 2 )dp + Tdcr with no dissipation (da = 0) and from the relation p = |q|p, dU can be rewritten dU = d|q| / -dM = -y5i n , p |q|
where H = J(P/p)dM is the pressure integral. The partial derivatives of U with respect to q ia are then given by an = at/^ql = _n. 
